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(Gauge invariance of the fermion dispersion relation

beyond hard thermal loops

with E. Mottola

Medium effects
— collective modes or quasi-particles

In general:
behaviour from analytic structure of propagator

Our case:
qgo ~ el and g =10
CM’s appear as poles in the propagator

Real part: dispersion law w
Imag part: damping rate ~y

In gauge theories: propagator is gauge dependent
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Kobes, Kunstatter and Rebhan: from general prin-
ciples the singularity structure of certain gauge and

matter propagators is gauge independent
R. Kobes, G. Kunstatter and A. Rebhan, Phys. Rev. Lett 64 (1990)
2992: R. Kobes, G. Kunstatter and A. Rebhan, Nucl. Phys. B355

(1991) 1.

HTL resummation — gauge independent results.

transport equation / transport coefficients



Method:
fermion propagator: S(Q) = 1/() — X(Q))

dispersion relation from poles: S_l(qo, 0) =0

look at zero velocity fermions: @y = (qo, ¢ = 0)

a0 — X%(q,0) =0

(g0,0) = T (e, )]

expand X(gp, 0) in a power series in gy/T

Solve iteratively:



4

lo contribution to ZO(qO,O) is the HTL contribu-

tion from the 1-loop diagram:
Re X%(qo,0) = *T%/8qy; Im X%(go,0) = 0

dispersion relation gives:
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nlo contribution from subleading temperature cor-
rections to the HTL part of the 1-loop diagram:

K, K,
use D, (K) = (g,w — Oz%) %

Result:

Re Xy = cle2q01n(qzo) — W) = e’ln (1/6)T%
[m Bp) = dye”T — ) = d1e’T
c1=(1— 04)8—71T2

dy = —1=(2 — 3a)

I. Mitra, Phys. Rev. D 62, 045023 (2000).
S-Y Wang, Phys. Rev. D 20 065011 (2004).

Note: ¢1 and dj are gauge dependent




nlo contribution from leading temperature 2-loop

Proposal:

Arp2

T T
Re X9y =2 - In(—)

q0 q0
Ar3

el

4

Dispersion relation:

way=eIn(1/e)T [
vy = |- o7

Note: lo 2-loop ~ nlo 1-loop

Goal:
show ¢1 + 8co and dq + 8do are gauge independent



Outline of the calculation of ¢o.

Real time finite temperature field theory
CTP formulation
Keldysh representation

Describe formalism for bosons:
(Green functions are defined on a contour:

iDo(z,y) = (Ted(x)d(y))

G

G

T, indicates time ordering along the contour
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Propagator w/ real time arguments is a 2x2 matrix:

D11z, y) = (To(x)o(y))
iDya(z,y) = (p(y)o(z))
1Do1(z,y) = (o(2)9(y))
iDos(,y) = (T"¢(x)9(y))

Keldysh representation:

1
— Dy — Dio —
T H EURT o2y isgn(kq)e
1
ap = D11 — Doy =

K? — m?* —isgn(kg)e
fi = D11+ Dag = (1 + 2n(ko))(Dgr — D 4)
— —2miN (ko)sgn (ko) 0(K* — m?)

Vertex is a tensor with non-zero components:

Pl _p222 _



Two loop contributions:

N D -
o0 K 7 N K P+Q+K \
- /// \\\ \\\ 7 \\ / \
Q P+Q P+Q+K o Q P+Q )4 K+Q - o Q P‘
\\//K

P+O+K

Use methods developed in

M.E. Carrington, Hou Defu, A. Hachkowski, D. Pickering, J.C. Sounak,
Phys. Rev. D 61 (2000) 25011;

M.E. Carrington, Hou Defu, R. Kobes, Phys. Rev. D 67 (2003) 025021.

sum over internal indices
chose combination of external indices:

Yip = 211+ 2125 Mg = 211+ 29

construct real and imaginary parts:

L(sp -5

2

1
ReZ:i(ZR%-ZA) - ImX =
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Step 1: sum over internal indices

An example:

ZR ram

dx

dk k? dkg

dpy

dp p*

[(( +@ +2QP?) ko

—(2KP +2KQ + P* + Q* 4+ 2QP) (py + q0))
(forpra” (@ Forprg + FrThiprq)

+ap (fp+qTp+q (g fraprg T Tk Thprg)

+aptq (fp+q fk+p+q Tk + Oftpiq (S fp+q T 7k Tp+q)

T7p+q (fr fk+p+q + ag Tk+p+q))))]
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Step 2: collect delta functions
la] Each graph has 5 propagators
|b| Each term has 2 symmetric props = 2 ¢ fens

lc| Shift variables so each term ~ §(K?)§(P?)

Problems:
1] pinch terms (give 0 by the KMS conditions)
2] divergent terms of the form 6(P?)P(1/P?).

(i) rainbow and bubble have factors D(P)?
(i1) a dependent part of the on-shell gauge prop

|d| regulate these terms:

S(PYYP(L/P?) ~ (ry — ap)

p p
d

— a2 (r p,m afp,mﬂm?:o
d

— de dpam‘mQZO

with 7pm = 1/(P? — m?* + ie sgn(po))
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Step 3: Gather terms with the same structure:

a=(
by

4
&
— _ dp n? dkkz/d /d /dk

Agazgz 47D/-C—I—p-l-qij (p)

(K* = P)ko + 2(K” + KP)po)Np(k) i,
+P2, (P2 4+ Q%+ 2QP)ko(Np(k) — Np(k))
—(po + q0)((P? + Q* + 2KP + 2KQ + 2QP) N (k)
—2(KP + KQ)Np(k))))

BE=Y = APy Ppiqlko(Np(k) — Np(k)) P
+po((P* + 2KP)Np(k) — 2KPNp(k)))Ng(p)
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otep 4: Use delta functions to do the kg and pg
integrals

dp,m; = \/p Z 7 0(po _]\/p _m1

Al g = \/k2 Z n o(ky — n\/k2 m3

dk | dz

dp

{jin}
[4kp73(q0 + 2knqo + 2jpqp + 2jknp — 2kpx) Ng(p)
(q0(2p* + 3jqop + 45) N (k)P (q0(25p + o))
+h(n(2p” + 2jqop + 45) — 202 (jp + @)
(Np(k) = Np(k))P(q0(2ip + 90))°)

—8k*p°(n — jz)P(4k°p*(z — jn)?)
P(q5 + 2knqo + 2jpqo + 2jknp — 2kpx)Ng(p)Np(k)]
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Step 9: Find pieces that correspond to the regions
of phase space that give the dominant contribution
in the high temperature limit.

One momentum must be soft
— 1/soft enhancement in the denominator.

One momentum must be hard
— result isn’t phase space supressed.

basic structure: hard/soft in the integrand.

We need: {k-hard, p-soft} and {p-hard, k-soft}
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2% 4 dk [ dzx

dp

rawn

SkpnB(p)( ) +np(k
[(_2(33 — p* + 2(33 - 1)@02? — q
q5(2p + q0)*(—xp + p + )
—2(x — 1)p” + 2(z — 1)qop + ¢
g5 (qo — 2p)*(p(a — 1) + 6]0)
20+ p* = 2(z + Daop + q
(zp +p — qo)q(%( qo — 2p)°
qop + q?))]

_I_

2(x + ) + 2(x +
q5(2p + q0)*(zp + p + @)

_I_
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Step 0: extract the leading high T piece.
Expand in qq/T small
Since leading term is logarithmic

— be careful with denominators

We rewrite terms in the form:

foo fae f s (o)
/dp/dk/d:z: f(p, k,x)P <k2 1(1(%/4)

st form for terms dominated by k-hard and p-sott
2nd form for terms dominated by p-hard and k-soft

For the A, n term the result is:

/dp/dk/da:

7T)
16kpnp(p) (np(k) +np(k P( )
( 1) q0 p _(]0/4

254

rawn




17

Step 7: Combine and do the remaining integrals
Colinear divergences cancel.
Int over x and hard momentum can be done directly.

Int over soft momentum can be done using

np(p) =np(p) — 2np(2p)

and the formula

/OOO dp p np(p)P(=

p- — X

1 L, T

2) ~ —éln(g)
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Final Result:
e*T?(ov — 4) log (%)

R T T g2

. et T
Compare: Re X(2) = € m ln(qo)
= o = (a0 — 4)@

Next-to-leading order part of the 1-loop diagram:
Re 2(1) — C1 = (1 — &)8_717'2

Recall dispersion relation:

wy=e'In(1/e)T [

c] + 8¢y = —% — gauge independent




mass of a soft fermion gy ~ €1 and ¢ =0

1s gauge independent at next-to-leading-order
beyond the HTL approximation

calculation for the damping rate is in progress
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